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In 1959, Richard Feynman in his now widely-known
lecture to the American Physical Society, Plenty of Room
at the Bottom, argued that many fundamental biolog-
ical questions could be simply answered by looking at
the thing if one could make the electron microscope 100
times better than what was available at the time [1]. He
challenged his audience to improve the resolution of the
electron microscope from roughly 1 nanometer [nm] to
0.01 nm (or 10 picometer [pm]). He argued, correctly,
as theoretically shown by Otto Scherzer almost 10 years
earlier [2], that the path to improve the resolution of the
electron microscope was to use electron lenses that did
not necessarily maintain rotational (cylindrical) symme-
try.
It took the scientific community almost another 40
years to show experimentally that precisely combining a
suitable sequence of non-cylindrically symmetric electron
lenses can result in an improvement of the resolution of
the electron microscope [3, 4]. This achievement, known
in the microscopy community as aberration correction,
has simply revolutionized how we study materials and
biological matter at the atomic level [5].
Yet, the challenge presented by Feynman of achieving
a 10 pm spatial resolution has not been reached. We
are close. The constant improvement of aberration cor-
rection optics, driven by more stable electronics, has re-
cently (as of 2020) resulted in images with spatial reso-
lutions of about 40 pm [6]. If this trend continues, there
is little doubt that microscopes will eventually have the
imaging power envisioned by Feynman.
Besides aberration correction, there have been many
other improvements in electron microscopy, which col-
lectively allow us to study matter in ways that are not
simply given by having a microscope with better spatial
resolution.
One clear example is the recent reemergence of
monochromation [7]. The driving force behind
monochromation is the need to obtain electron energy
spectroscopy at higher energy resolution. The key here,
however, is to achieve the enhancement of the energy res-
olution while still maintaining a high spatial resolution.
Monochromation in this context has been available since
the early 2000s [8]. However, only since 2014 has the en-
ergy resolution reached the point where infrared optical
excitations and phonons are resolved in the electron mi-
croscope, even reaching atomic resolution [9, 10]. This
development has opened a new door to study optical ex-
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citations, thermal and phonon properties of materials at
a new fundamental level [11–14].
Another recent example is driven by the need to image
magnetic materials at very-high resolution in field-free
imaging modes [15]. This development required a new
design of electron lenses in the pole piece of the micro-
scope, which is where the samples are located. Due to
this development, it is now possible to resolve individual
atomic columns of materials without the necessity of the
usual magnetic field (∼ 1−2 Tesla) present on the sample
to keep the electrons correctly focused.
There have been other developments that are equally
important, such as better digital detectors (cameras),
and stages to perform a large variety of in situ and
operando experiments, as well as the capability to image
materials at cryo temperatures (using liquid nitrogen as
a coolant), albeit with a moderately reduced stage sta-
bility.
However, the key question that microscopists, materi-
als scientists, physicists, chemists and engineers are ask-
ing now is: What is the next big frontier in electron mi-
croscopy, and what are the fundamental scientific prob-
lems, technological leaps and benefits to society that can
be addressed after crossing that frontier? We can easily
ask this question to ten different people and get eleven
different answers. So, instead of asking the question di-
rectly, I will try to follow Richard Feynman’s lead and
instead present a simple statement of a dream and see
where it leads us, what is required to achieve it, and how
many new doors this dream might open up.
Well, I dream of the time where the magnetic moments
of individual atoms can be resolved in an electron micro-
scope as easily as we can now resolve and distinguish
individual atoms of different elements. Admittedly, this
feat is not always easy, but can regularly be achieved in
solid samples.
What does it mean to resolve the magnetic moments
of individual atoms? It means, for instance, that if I
see two nearby iron atoms in a material, I should be
able to quantify via electron spectroscopy the nature of
their magnetic moments [16]; how much is coming from
spin and how much is arising from electron orbitals. I
could also answer if the two iron magnetic moments are
aligned parallel (ferromagnetically), antiparallel (anti-
ferromagnetically), or in some other order.
For the previous experiment to become a reality we
need to be able to control the phase of the incoming elec-
tron wave better than is now possible. We would require
the incoming electrons to have a helical or twisted wave-
front (known in optics as vortex beams), which imprints
an orbital angular momentum proportional to the wind-
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ing of the helicity [17, 18]. And of course, these vortex
beams need to be of atomic size if we want to resolve
individual atoms or atomic columns [19].
Expanding the previous idea to many more atoms
means that we should be able to directly image in ma-
terials all kind of magnetic phases, domains, boundaries,
etc.
If we could reduce the temperature of the sample far
below liquid nitrogen, let us say to about 1 K, or even
to 10 K, then a complete new panorama opens up. At
those low new temperatures we could map how mag-
netism emerges at the atomic scale and how phonons (at
different temperatures) control the extent of those mag-
netic correlations. For that to be a reality, we would also
need to use the new pole piece mentioned before, where
the external magnetic field at the sample volume can be
nulled or varied in a controlled manner without reducing
the spatial resolution of the microscope.
We could also study the emergence of superconductiv-
ity at the atomic scale and how magnetism hinders or
enhances different superconducting materials.
There are also more exciting experiments that require
a bit more of our imagination. For example, electron vor-
tex beams carrying orbital angular momentum could be
used as a pump probe, similarly to circularly polarized
light [20], to activate anomalous Hall currents in topo-
logical materials that could be measured – with contacts
made previously on the sample via current nanofabri-
cation techniques. However, the advantage here is that
these electron vortex beams are of atomic size, such that
atomic structural information of the samples can also be
obtained simultaneously. In other words, we could map
and activate at the atomic scale the Hall effects of mate-
rials, and see how defects or interfaces affect their topo-
logical properties.
Another advantage of using electron vortex beams is
that we are not restricted to only two angular momentum
values as occurs with circular or linear polarized light.
We could imprint larger values of orbital angular mo-
mentum, albeit with a degradation of spatial resolution,
and see effects that are beyond single photon emissions.
The electron microscope could also be used in a diffrac-
tion mode, where momentum dispersions can be resolved.
In this mode, we could use monochromated electron (vor-
tex and conventional) beams to measure the dispersions
of magnons, excitons, phonons, and polaritons in mate-
rials such as superconductors, topological insulators, and
van der Waals hetero-structures to name only a few.
Monochromated electron vortex beams should enable
us to study valley states, and with enough energy res-
olution (currently as 2020 is 3 meV at a 20 kV accel-
eration voltage [21]) to unveil spin orbit coupling, moire
potentials as well as other electron correlations at similar
energy ranges. Further improvements in energy resolu-
tion should perhaps allow us to see superconducting gaps
emerging at critical temperatures, and directly correlate
them with the phonon properties of the superconductor.
We might be able to achieve a whole new level of under-
standing of superconductivity.
We should not only be limited to conventional elec-
tron energy-loss spectroscopy experiments. We could also
spectroscopically resolve the orbital angular momentum
absorbed by the materials in real and momentum space
[22], giving unique information about the electronic cor-
relations dominating the properties of materials.
Here, I am just touching the surface of many new ex-
periments that will be possible if we venture to develop
the technology required to resolve the magnetic moments
of individual atoms. Further experiments and the infor-
mation that we will obtain from them are limited only
by our imagination.
But you might wonder now, what do we need to ac-
complish such dream? Well, we need development on
many fronts simultaneously.
3First, aberration correction and monochromation need
to be further developed, where the emphasis is not only
on spatial and energy resolution improvements, but also
on long-term stability, ease of use and with a range of
automated procedures. Software that allows fully re-
mote operation of these new electron microscopes, where
monochromation and aberration correction is the base
line, should be thought out from the ground up.
We definitely need a revolution in stage stability at
cryogenic temperatures. The majority of the sample
stages currently available, even in state-of-the-art elec-
tron microscopes, were designed over 30 years ago with-
out much improvement since. We cannot expect a differ-
ent outcome in stage stability if we just repackage designs
from the last century.
If the Laser Interferometer Gravitational-Wave Obser-
vatory (LIGO) is capable of detecting a change of less
than one ten-thousandth the charge diameter of a pro-
ton [23], with the stringent stability conditions that the
feat implies, why cannot we have a low-temperature (1-
10 K) cryo stage that effectively drifts by less than 10
pm in 10 minutes or so?
LIGO can mitigate vibrations of big masses (of hun-
dreds of kilograms) to the order of 10−19 meters to de-
tect gravitational waves [23]. Perhaps we can have a cryo
stage in our new electron microscopes that can achieve
just a 100-millionth of what LIGO does. Obviously, I am
not asking for an overnight solution. But we need to walk
away from old stage designs and move towards stability,
stability and stability!
As mentioned previously, we also need to imprint or-
bital angular momentum of the incoming electrons. Or
in more general terms, we should be able to produce
structured electron beams, where phase and shape can
be carefully tuned. We also need further development of
electron spectroscopy of orbital angular momentum.
We need to control the environment of the sample, for
instance, its external magnetic field, as mentioned previ-
ously. Biasing as well as heating the sample, combined
with the capability for light illumination (and measuring
the outgoing light) will be required. We could also have
a different line of stages, where the emphasis is on other
external variables such as the control of gases and liquids,
addressing then the requirements for novel catalyst and
battery experiments, to just mention two straightforward
examples.
We have seen the revolution that the new direct elec-
tron detectors caused in structural biology [24]. We need
cameras capable of detecting single electrons while main-
taining a high-dynamic range without saturation in the
new microscopes. They are critical for all the spec-
troscopy experiments mentioned previously, as well as
for differential phase contrast and ptychographic imag-
ing methods used to reveal local electric fields, magnetic
fields, charge density of materials and even to correct a
posteriori aberrations of the incoming electron wave.
A point that I have not yet touched directly is the
incorporation of novel data analysis algorithms, such as
Artificial Intelligence and Machine Learning.
I sometimes like to use a mountain climbing analogy
when I talk about these topics to a general audience. One
can compare aberration-correction to getting to a base
camp on a mountain, monochromation to a second camp,
a variable magnetic field pole piece to a third camp, and
so on for a new lens or controllable angular momentum,
with various essential microscope parts perhaps analo-
gous to rock-climbing equipment [25].
Based on that analogy, if we would then like to climb
Mount Everest, after years of training and conditioning,
perhaps we could do it without an oxygen mask, but the
risk is that we might never get to the top of the mountain
or might be even more likely die in the attempt. Mod-
ern data analytics here plays the same role as the oxygen
mask in my example. We need to incorporate data ana-
lytics throughout the whole experimental process.
Another very important variable that I have also not
touched on so far is time. Imagine that besides resolving
the magnetic moments of individual atoms, we could also
see their dynamics! In a nutshell, the conditions required
to achieve such ultra-fast experiments in the electron mi-
croscope are obtained by producing single-electron pack-
ets emitting from an electron cathode using femtosecond
optical pulses.
Using these novel electron emitters, we should be able
to study spin relaxation times, and study the coherence
and the entanglement of quantum topological states, to
list three very simple examples. The experiments could
be performed stroboscopically to increase signal-to-noise
ratios in the images and spectra, assuming the phenom-
ena to be studied can be cyclically controlled. We could
also reduce the speed of the optical pulses and play with
external variables such as temperature or biasing to study
the dynamics of ionic movement in batteries and fuel
cells.
Finally, we need to address the technological leaps and
social benefits that would result from this adventure to
resolve the magnetic moments of individual atoms in the
electron microscope. Here, I think any example would
actually fall short, so I am going to briefly illustrate a
single case.
If we could figure out a way to create strong magnets
that do not rely on rare-earth elements, we could decrease
significantly the cost of many electronic devices, ranging
from the small haptic engines used in smart watches, to
household air conditioning units, to electric motors in
electric cars and wind turbines. This will also result in a
quantifiable environmental benefit by reducing the min-
ing of rare-earth elements and their chemical separation.
But, from my perspective, the most exciting thing is
not simply the developments in materials and the im-
provement of their properties for our current technology.
I am way more excited about the unknown unknowns,
for those discoveries that are awaiting us, for that fu-
ture technology that will emerge when we discover new
physical phenomena and better understand how matter
behaves.
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